The synthesis and potential applications of functional, branched polyethers prepared by cationic ring-opening polymerization is reviewed, mainly on the base of the work from the author's laboratory. Polymerization of cyclic monomers of AB x type, including highly strained 3-and 4-membered as well as weakly strained 5-membered cyclic ethers substituted with hydroxyl groups is discussed. Cationic polymerization of such monomers proceeds with participation of activated monomer mechanism which leads to the formation of branches. Hydroxy-substituted 4-membered cyclic ethers are highly strained; thus there are no thermodynamic restrictions for their polymerization, but these monomers are not easily available. Thus the possibility of using easily accessible 5-membered hydroxy-substituted cyclic ethers as monomers for cationic ring-opening polymerization was explored in spite of expected thermodynamic limitations due to low ring strain of those monomers. It was found that 5-membered hydroxysubstituted cyclic ethers undergo polymerization; however only low molecular weight products may be obtained from these monomers. It is shown in this review that such products may be useful and some examples of their applications in further synthesis e.g. in the preparation of star polymers and as surface modifying agents in the synthesis of organic/inorganic hybrid materials are described.
Introduction
Polymers with non-linear architecture have gained recently the attention of researchers. Among these special polymers, hyperbranched (dendritic) polymers are intensively investigated due to their specific physical properties unlike those of linear polymers, resulting from their compact, globular structure and multiplicity of ends being usually functional, reactive groups. These specific properties are desired for many applications (e.g. in biomedicine but also as additives for adhesives and rheology modifiers).
Historically, the first method of the synthesis of branched polymers was polycondensation of multifunctional monomers i.e. monomers of AB x type [1] . Polycondensation is still the most commonly used method but branched polymers may be also obtained by polymerization of vinyl monomers or ring-opening polymerization of cyclic monomers having in their molecules additional reactive functions. By analogy to monomers used in polycondensation processes, these vinyl or cyclic monomers are named "latent AB x " monomers [2] (they are also named "inimers").
This review is based mainly on the work from this laboratory concerning preparation of branched, multifunctional polyethers which are synthesized by cationic ringopening polymerization of cyclic ethers substituted with hydroxyl groups although examples of the results of the other research groups are also described.
Cationic polymerization of cyclic ethers has been widely investigated by our group for many years. In the course of those studies we described polymerization of cyclic ethers proceeding by activated monomer (AM) mechanism [3] . This mechanism operates when polymerization is performed in the presence of acidic catalyst and hydroxyl group containing compounds as initiators. The propagation proceeds with successive additions of protonated monomer to the hydroxyl group at the chain-end of growing macromolecule. When the cyclic ether contains additional hydroxyl group, then protonated monomer may be attacked either by ether oxygen or by oxygen of hydroxyl group leading in this way to branching. Therefore cyclic ethers containing additionally hydroxyl groups may be treated as latent AB x monomers (AB 2 if only one -OH group is present) and, as it was mentioned above, by polymerization of this type of monomers branched polymers are produced.
Continuing our works concerning cationic polymerization by AM mechanism some years ago we turned our attention to this class of AB 2 type cyclic ethers. First monomer investigated was 3-membered glycidol (2-hydroxymethyloxirane) [4] . We proved then that in the formation of branched macromolecules AM mechanism participated parallel to the classical ACE (active chain end) mechanism. In the product analyzed by 29 Si NMR (after silylation), both -primary and secondary hydroxyl groups were identified and secondary hydroxyl groups could be formed exclusively by AM mechanism.
Although glycidol polymerizes easily by cationic mechanism, in synthetic polymer chemistry branched polyglycidols are synthesized mainly by anionic process. The literature concerning anionic polymerization of glycidol is very extensive [5].
Therefore we turned our attention to polymerization of hydroxyl containing cyclic ethers with larger (>3) rings, i.e. monomers that can be polymerized only by the cationic mechanism. At the time when we started our investigations there were only a few reports concerning polymerization of these monomers (by unspecified mechanism) in which some branched oligomers were described as side product of polymerization [6] . We first investigated carefully the mechanism of polymerization of representative hydroxy-substituted oxetanes, analyzed the microstructure of polymers and their dependence on polymerization conditions and we explained the reasons of limited molecular weights [7] .
Strained 4-membered oxetanes are easily polymerizable but the disadvantage (especially from the point of view of potential applications) is the rather difficult synthesis of monomers. In the search for monomers that are more easily accessible we decided to use cyclic monomers with larger rings as monomers of AB x type. Among different compounds that are obtained from renewable resources there is large group of cyclic ethers, esters and acetals which, as a basic skeleton, contain 5-membered rings. 5-membered cyclic compounds are known to be difficult to polymerize because of thermodynamic reasons [8] , however, because of their accessibility we have decided to explore the possibility of using those compounds as monomers for ring-opening polymerization.
In the following sections of this review the structure of polymers that may be obtained by cationic polymerization of 4-and 5-membered cyclic ethers containing hydroxyl groups as substituents is discussed and possible applications are indicated.
Polyethers obtained by polymerization of 4-membered (strained) hydroxyoxetanes
3-Ethyl-3-hydroxymethyloxetane (EHMOX) was the representative compound for the whole group of monomers investigated by us depicted in the Scheme 2. • C with CF 3 SO 3 H or BF 3 ·Et 2 O as catalyst proceeded smoothly and gave polyethers with a number average molecular weight (M n ) in the range 1000 -2000 and degree of branching (DB) [9] up to 0.25. Analysis of 13 C NMR spectra (Figure 1 ) of the obtained products in which signals coming from linear (a), branched (b) and terminal (c) units were well separated (after esterification with (CF 3 CO) 2 O)) enabled a confirmation of the branched structure of polymers and the determination of the DB values.
It was found that neither molecular weight nor degree of branching depended significantly on the polymerization conditions. Also they did not change with the progress of polymerization as can be seen from the We attempted to explain the reasons for the limitation of the polymerization process. Detailed mechanistic investigations based on the ion trapping method [11] allowed us to conclude that polymerization proceeded with participation of both known mechanisms of propagation that is ACE and AM. But the most important information concerning final structure of the obtained polyethers and mechanism of polymerization emerged from MALDI TOF analysis which allows observation of individual macromolecules. In MALDI spectrum, the signals corresponding to macromolecules with molecular weights being the multiple of molecular weights of monomeric unit were present almost exclusively, which means that formed macromolecules do not have additional ends coming from initiation. This observation led to conclusion that macromolecules must contain cyclic fragments.
The plausible explanation for the formation of cyclics is intramolecular chain transfer reactions with participation of hydroxyl groups. These transfer reactions together with propagation by ACE and AM mechanisms participate in the forming of macromolecules as it may be seen in the Scheme 3.
With increasing number of hydroxyl groups in the macromolecule the probability of intramolecular chain transfer increases thus, after reaching certain size of macromolecule (DP n ~12), the ring closes and macromolecule stops to grow. We explained this behavior by strong hydrogen bonding between multiple hydroxyl groups (Scheme 4).
The analysis of products of polymerization of EHMOX enabled understanding of the polymerization process and difficulty in reaching higher molecular weights of the products. . In the former case products with higher degree of branching were obtained (more hydroxyl groups), in the latter -polyethers with higher molecular weighs (with dioxetane acting as coupling agent).
In the last section some possible applications of these compact, branched, multihydroxyl polyethers is described.
Polyethers obtained by polymerization of 5-membered (weakly strained) hydroxy-substituted tetrahydrufurans
Five-membered cyclic ethers polymerize reversibly which means that it can be difficult to obtain high molecular weigh products in high yields. For unsubstituted tetrahydrofuran (THF) the monomer equilibrium concentration for bulk polymerization is equal to 3.2 mol·L -1 at 25 o C. A single substitution reduces the polymerizability, so only oligomers could be obtained as result of polymerization of monosubstituted THF's [12] . Further substitution may however cause opposite effect if it introduces additional strain to the ring. This is the case of polymerization of cis-3,4-dimethoxytetrahydrofuran because in open chain structure the repulsion between substituents is minimized in comparison with the repulsion in monomer (transderivative, in which the repulsion between substituents in monomer molecule is much lower, does not polymerize). One has to remember however that all these thermodynamic considerations apply to polymerization leading to linear polymers. Branched polymers are built from short chains between branched units, thus even if only short linear chains may be formed [13] , they may be joined together by branched units giving finally a branched product; thus the formation of quite high molecular weight cannot be a priori excluded in such a system. First attempts of the synthesis of branched polymers from hydroxy-substituted 5-membered cyclic ethers concerned polymerization of anhydrosugars [14] . As a result of cationic polymerization of 1,6-anhydro-β-D-hexopyranose (bicyclic system) and two isomers of dihydroxytetrahydrofuran i.e. 1,4-anhydroerthritol and 1,4-anhydro-Lthreitol carbohydrate branched polymers with M n in the range 1·10 4 -5·10 5 built from repeating monomeric units were obtained. The authors observed that the molecular weight increased with the increasing of temperature; this is the opposite of what is expected for typical reversible polymerization (M n was ca. four times higher at 80 o C than at 60 o C).
Anhydrosugars containing tetrahydrofuran skeleton are not easily accessible and thus they are rather expensive monomers. Our investigations of tetrahydrofurans substituted with hydroxyl groups concerned mainly 2-hydroxymethyltetrahydrofuran (2-HOCH 2 -THF -tetrahydrofurfuryl alcohol) which is easy accessible although the other monomers such as 3-hydroxytetrahydrofuran (3-HO-THF) and 3,4-dihydroxytetrahydrofuran (3,4-diHO-THF) (Scheme 5) were also studied [15] . This observation led to the conclusion that an elimination of water occurred during the formation of macromolecules. This elimination could proceed with the participation of two hydroxyl groups or involving only one hydroxyl group leading to the double bonds formation as it is shown in the Scheme 6: Both ways of dehydration are possible, although the presence in MALDI spectrum of the signals corresponding to macromolecules devoid up to n-1 water molecules proves that the elimination reaction with the formation of unsaturation has to occur because if only condensation occurred (as shown in the Scheme above) the number of water molecules eliminated (m) could not be higher than n/2 while in MALDI TOF spectra the signals of macromolecules for which m > n/2 were clearly observed, as shown in the Fig. 3 . Because of the dehydration the resulting polymer should contain less hydroxyl groups than could be expected from the number of monomer units. Indeed analysis of The elimination of water was also observed by us in the case of polymerization of the other hydroxy-substituted tetrahydrofurans [15] , so we consider this phenomena as general for the whole group of 5-membered cyclic ethers. This observation is different from the results of earlier works of Kakuchi [14] who claimed that these monomers behave like the monomers with smaller 3-and 4-membered rings that is glycidol and hydroxyoxetanes. Continuing our studies concerning polymerization of weakly strained cyclic compounds substituted with hydroxyl groups, we investigated also polymerization of cyclic ester-α-hydroxy-γ-butyrolactone [16] and acetal-4-hydroxymethyl-1,3-dioxolane (Scheme 7). Both compounds gave as result of their polymerization low molecular weight products (M n in the range 500 -1500) and in both cases significant dehydration was observed by MALDI TOF. Thus it has been clearly shown that 5-membered cyclic ethers (as well as cyclic esters and acetals) substituted with hydroxyl groups may be polymerized by cationic mechanism although yields and molecular weights are limited. In spite of those limitations, those products, obtained from easy accessible monomers derived from renewable resources, may have potential applications, as indicated in the following section.
Potential applications of multihydroxyl branched polyethers obtained by cationic polymerization

Synthesis of star polymers
Hyperbranched polymers with compact structure of macromoleculs and many reactive groups may be used as a core for star polymers synthesized by core-first method [17] . Poly(3-ethyl-3-hydroxymethyloxetane) (PEHMOX) with M n about 1500 obtained by us was used either directly [18] or after required functionalization for the synthesis of star polymers [19] . In the former case PEHMOX was used as multifunctional initiator for anionic or cationic polymerization of ethylene oxide (EOX) [18] , in the latter -poly(ethylene oxide) chains fitted with -NH 2 groups were coupled (via Michael addition) with PEHMOX core in which -OH groups were earlier transformed into acrylate groups [19] . PEHMOX was also used as a multifunctional initiator for the anionic-coordinative polymerization of L,L-lactide [20] .
Transformation of -OH groups into bromoester groups (esterification with bromobutyryl bromide) [21] allowed application of PEHMOX as a multifunctional initiator for radical ATRP polymerization of styrene and different acrylates [22] .
Another approach to the star-shaped copolymer synthesis involved one-pot copolymerization of 3-methyl-3-oxetanemethanol and tetrahydrofuran (applying BF 3 ·Et 2 O as catalyst) [23] . Star polymers were obtained due to the large difference in reactivities of both comonomers. Using 1 H NMR analysis of the product at different stages of the polymerization process as well as FTIR analysis, the authors proved that THF started to polymerize after hydroxyoxetane was completely consumed. As a result of the performed polymerization star polymers with poly(3-methyl-3-oxetanemethanol) core and polyTHF arms with M n up to 4000 (SEC after esterification with acetic anhydride; polystyrene standards) were obtained.
Polyhydroxyoxetanes as polymer electrolytes
Cationic polymerization (BF 3 ·Et 2 O as catalyst) of hydroxyoxetane with a spacer (triethylene glycol unit) between oxetane ring and hydroxyl group (3-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxymethyl}-3'-methyloxetane) leads to . branched polymers with M n up to about 4000 containing cyclic fragments (as shown earlier by us for EHMOX polymerization) in the macromolecule (which was confirmed by MALDI TOF analysis) [24] . The author explained the final structure as a result of both mechanisms of propagation that is ACE and AM and transfer reactions with the participation of hydroxyl groups (similarly as it was suggested by us for EHMOX polymerization). Scheme 8, for simplicity, presents the structure in which only AM is taken into account. Macromolecules of this polymer contained oxyethylene fragments and polyoxyethylene is typically used in polymer-based electrolyte systems. The branches present in the polymer structure suppress its crystallization; polyether segments as main building blocks retain excellent segment motion which is important from point of view of their application as electrolyte. The ion conductivity of this material reached (after doping with lithium trifluoromethanesulfonimide) 6.3.10 -4 S/cm at 80 o C [24] which is close to values needed for lithium ion batteries.
Multihydroxyl branched polyethers as surface modifies for inorganic materials
Polymer/inorganic hybrid materials and composites have gained recently considerable attention. The possibility to combine properties of inorganic and organic components for material design offers new possibilities for the modification of surface properties of inorganic materials e.g. fillers having improved compatibility with polymer matrix [25] . The fuctionalization of inorganic surface may be performed by two methodologies: noncovalent and covalent. Among different materials which may be used (organic, inorganic, metallic, biochemical) there are also polymeric materials. Linkages of polymer by covalent bonds are more stable so, two approaches are possible, i.e. "grafting from" or "grafting to". In this review polymerization from the surface of some inorganic materials using hydroxy-substituted cyclic ethers is described. The main difference of the surface modification formed in this wayin branched products, in comparison with the modification by linear polymers, is the large amount of functional groups which can effectively interact with a polymer matrix. Additionally, for the group of monomers discussed in the present review, due to the limitation in growth of the macromolecules, thin layers of polymeric materials may be formed on the surfaces of inorganic material.
The simplest hydroxy-substituted cyclic ether which was used for surface-induced cationic polymerization was 3-membered glycidol. Oxidized carbon nanofibers (CNFs) were surface-modified by polymerization of glycidol in the presence of BF 3 ·Et 2 O at -20 o C [26] . Attached to the CNFs surface hydroxyl and carboxylic groups were initiating groups for cationic ring-opening polymerization. The formation of a polymer layer outside several fibers aggregated together was observed by TEM analysis. The presence of polymer was confirmed by FTIR and TGA analysis and the large increase of the amount of -OH groups originated from the attached polyglycidol polyol was indicated by the esterification of nanofiber/polymer composite with an acid chloride.
The composites with polyglycidol as polymeric component were also prepared by anionic polymerization [27] but they are not presented in this review.
In similar way as carbon nanofibers, multiwalled carbon nanotubes (MWCNTs) were used for the surface initiated polymerization of 4-membered 3-ethyl-3-hydroxymethyloxetane (EHMOX) [28] . Before polymerization, in several successive reactions initiating -OH groups were generated on the surface of the crude MWCNTs. The next step polymerization of EHMOX in the presence of MWCNTs and BF 3 ·Et 2 O as catalyst was performed in CH 2 Cl 2 at -10 o C changing the monomer/MWNTs-OH ratio. Obtained nanohybrides which were analyzed by FTIR, NMR, TGA, DSC, TEM and SEM methods contained 20 -88 wt.% of polymer. (M n after cleavage was found to be in the range 5200 -7500, degree of branching DB -in the range 0.25 -0.42). The functionalized MWNTs exhibited relatively good dispersibility/solubility in polar solvents (CH 3 OH, C 2 H 5 OH, DMF, DMSO). The obtained molecular trees may be further functionalized leading to new nanomaterials and nanodevices.
3-and 4-membered cyclic ethers are rather easy polymerizable monomers. As it was discussed in the preceding sections, 5-membered cyclic ethers can give only low molecular products. That directed our attention to the polymeric composites (modification) of inorganic materials with polymers where rather low molecular weight products are needed. We turned our attention to the layered silicates which are commonly used as fillers owing to their high aspect ratio and easy swelling in water.
The hydrophilic nature of silicates makes difficult their homogeneous dispersion in the organic polymer matrix. To make phyllosilicates more organophilic, cationic surfactants being long chain alkyl ammonium or alkyl phosphonium salts, are introduced into the interlayer space (galleries) of silicates [29] . This modification should facilitate intercalation and exfoliation processes.
We reasoned that hydroxyl groups present in the galleries of e.g. montmorillonite may initiate polymerization of 5-membered hydroxy-substituted cyclic monomers (cyclic ethers and acetals). Because polymerization of those monomers gives only low molecular weight oligomers, a formation of thin layers of polymeric material within interlayer space could be expected thus a premature exfoliation should be avoided. It could be expected that when modified montmorillonite was used as filler for e.g. polylactide, polyether layer should have better affinity to polylactide which should facilitate the exfoliation. Hydroxyl groups present on the surfaces of silica platelets could act as initiating groups for in situ polymerization of low molecular weight monomer (easy to insert into interlayer spaces). Formed in the polymerization process hydroxyl groups attached to the oligoether (oligoester, oligoacetal) macromolecules should interact with silicate layers; the presence of those molecules should increase the basal plane spacing from one side, and should facilitate introducing of the polyester macromolecules of polymer matrix being organic component of target hybrid nanocomposite. [33] . The activation the silica layers causes that they act not only as support for initiating groups but contain also catalytic (acidic) sites. Montmorillonite clay was analyzed before and after modification using TGA and XRD analysis. After polymerization, the loss of about 10 wt % of the total mass for the sample modified with poly(2-HOCH 2 -THF) was found by TGA in comparison with activated CLOISITE (treated with acid). In X-ray diffractograms the shift of the of the basal peak from 2θ = 7.40 o for CLOISITE-Na to 6.25 o for CLOISITE modified with poly(2-HOCH 2 -THF) and to 5.98 o for CLOISITE modified with poly(4-HOCH 2 -DXL) was observed which corresponds to the increase of the interlayer spacing between silica platelets from 11.95 Å to 14.15 Å and 14.78 Å respectively. Although the intercalation by the produced in situ oligomers of 2-HOCH 2 -THF and 4-HOCH 2 -DXL monomers seems to be not much pronounced, the increase of the distances between galleries was clearly observed. That should facilitate the exfoliation process in the preparation of polylactide/montmorillonite composites; work in this direction is in progress. 
OH
Conclusions
Cyclic ethers (but also cyclic acetals and cyclic esters) containing hydroxyl groups as substituents constitute interesting class of latent AB x monomers for preparation of branched, multihydroxyl polymers. The simplest monomer of this class: glycidol (hydroxymethyloxirane) polymerizes by both anionic and cationic mechanism and for this monomer anionic polymerization has been mostly studied. Hydroxy-substituted cyclic ethers containing 4-and 5-membered ring polymerize only by cationic mechanism.
The aim of the series of studies conducted in our laboratory and summarized in the present review was to explore the possibility of applying the cationic polymerization according to activated monomer mechanism for the synthesis of multifunctional branched polyethers. 4-membered cyclic ethers containing hydroxyl groups as substituents polymerize easily but the corresponding monomers are not easily accessible. On the other hand, there are several 5-membered cyclic ethers (acetals) containing hydroxyl groups as substituents that are derived from natural resources and are therefore easily accessible (tetrahydrofurfuryl alcohol or glycerol formal being representative examples). It is well known, however, that 5-membered cyclic ethers (especially those containing substituents in the ring) are difficult to polymerize because of the thermodynamic restrictions.
Our results, summarized in the present review, indicate that it is possible to polymerize monomers of this class although only rather low molecular weight polymers (oligomers) are formed in limited yields. Some examples outlined in the last section of this review indicate, however, that in spite of those limitations, cationic polymerization of hydroxy-substituted cyclic ethers may be used for modification of surfaces of inorganic materials by covering them with compact, highly branched polymer layers. One may even argue that limited molecular weights of resulting polymers may be advantageous because resulting layers may have nanometer scale thickness (as shown in ref. 28 ) and further growth of the layer thickness is inherently prevented.
